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ABSTRACT
Background  It remains imperative to discover the 
time course that cardiovascular risk factors influence 
neurodegeneration in males and females and decipher 
whether the apolipoprotein (APOE) genotype mediates 
this relationship. Here we perform a large-scale 
evaluation of the influence of cardiovascular risk and 
obesity on brain volume in males and females in different 
age groups.
Methods  34 425 participants between the ages of 
45 and 82 years were recruited from the UK Biobank 
database https://www.ukbiobank.ac.uk. T1-weighted 
structural MR images (n=34 425) were downloaded 
locally for all participants, and voxel-based morphometry 
was performed to characterise the volumetric changes 
of the whole brain. The influence of Framingham 
cardiovascular risk (general cardiovascular risk), 
abdominal subcutaneous adipose tissue, and visceral 
adipose tissue volume (obesity) on cortical grey matter 
volume across different decades of life was evaluated 
with voxel-wise analysis.
Results  In males, cardiovascular risk and obesity 
demonstrated the greatest influence on lower grey 
matter volume between 55–64 years of age. Female 
participants showed the greatest effect on lower grey 
matter volume between 65–74 years of age. Associations 
remained significant in APOE ε4 carriers and APOE ε4 
non-carriers when evaluated separately.
Conclusions  The strongest influence of cardiovascular 
risk and obesity on reduced brain volume was between 
55–64 years of age in males, whereas women were most 
susceptible to the detrimental effects of cardiovascular 
risk a decade later between 65–74 years of age. Here 
we elucidate the timing that targeting cardiovascular risk 
factors and obesity should be implemented in males and 
females to prevent neurodegeneration and Alzheimer’s 
disease development.

INTRODUCTION
Alzheimer’s disease currently affects ~50 million 
people worldwide1 and, despite an increasing 
economic and social burden, few treatment options 
exist. Alzheimer’s disease pathogenesis is multifac-
torial involving the accumulation of toxic proteins 
(amyloid and τ), neuroinflammation, synaptic 
dysfunction, oxidative stress, and insulin resis-
tance.2 3 While anti-amyloid therapies have shown 
promise, it remains imperative to identify effec-
tive disease-modifying therapeutic strategies for 
Alzheimer’s disease. This will likely require several 
compounds that target individual pathologies.4 
Strategies that influence cardiovascular risk could 

have potential benefits in preventing neurodegen-
erative processes as a potential novel therapeutic 
strategy. However, it is important to identify the 
therapeutic window when cardiovascular risk inter-
vention will prevent neurodegenerative processes.

Cardiovascular risk factors including type 2 
diabetes, obesity, hypertension, and smoking are 
associated with an augmented risk of dementia 
development.5 The 2017 and 2020 Lancet commis-
sions established 12 modifiable risk factors for 
dementia including hypertension, smoking, obesity, 
and diabetes.6 Obesity may be related to Alzhei-
mer’s disease pathology via dysregulated endocrine 
homeostasis.7 The production of pro-inflammatory 
adipokines include leptin, adiponectin, C-reactive 
protein, and pro-inflammatory cytokines by adipo-
cytes. Adipose tissue can be infiltrated by immune 
cells, which in visceral obesity may switch to pro-
inflammatory macrophages.7 Pro-inflammatory 
mediators could cross the blood-brain barrier (BBB) 
and trigger neurodegenerative pathways. Increasing 
evidence supports the role of leptin in the regu-
lation of the synaptic function of hippocampal 
neurons.8 Reduced leptin signalling within the 
brain could impair hippocampal function and result 
in cognitive deficits.8 Moreover, ghrelin levels are 
diminished in obesity which has important implica-
tions considering its protective role for the central 
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nervous system; ghrelin promotes neuroplasticity and cognitive 
function and regulates microglial activity.9

Identifying the precise timing of when cardiovascular risk 
significantly influences neurodegenerative processes is essential 
to establish the therapeutic window that mitigating cardiovas-
cular risk could exert maximal therapeutic benefit. There is little 
research establishing sex differences in the relationship between 
cardiovascular risk and brain health over the life span. Sex 
hormones including oestrogen and testosterone exert neuropro-
tective effects, including protecting neuronal loss and preventing 
oxidative damage.10 The mean age of menopause is 46 years 
in women which results in the relatively rapid loss of ovarian 
hormones, whereas there is a gradual loss in androgen levels over 
time in men.11 It is important to decipher whether sex differences 
mediate the role of cardiovascular risk on brain atrophy, which 
may be critical for therapies aimed at treating neurodegenerative 
diseases.10 Furthermore, it remains imperative to establish the 
influence of apolipoprotein (APOE) genotype on the relation-
ship between cardiovascular risk and neurodegeneration.
The aim of this study was to: (1) evaluate the influence of cardio-
vascular risk on neurodegeneration in males and females and 
during different age groups; (2) assess whether cardiovascular 
risk mediates neurodegenerative processes in APOE ε4 carriers 
and APOE ε4 non-carriers; and (3) evaluate the influence of 
abdominal fat and visceral obesity on neurodegeneration.

METHODS
Study population
A total of 34 425 participants had structural T1-weighted MRI 
brain scans which could be used for analysis after quality control 
check and abdominal MRI scans and were enrolled into the study 
from the UK Biobank database. The UK Biobank is a prospective 
study which aimed to recruit ~500 000 participants between 
2006 and 2010.12 Since 2014, a subset of 100 000 participants 
were invited to undergo brain and abdominal MRI. Details of 
recruitment and methods are available at https://www.ukbio-
bank.ac.uk. Participants had a mean age of 63.6 years (range 
45–82 years, SD 7.54). This analysis of data was performed 
under UK Biobank application ID87031.

Measures
Cardiovascular risk
Framingham general cardiovascular risk
The Framingham score provides a sex-specific risk prediction 
algorithm.13 The score is based on core cardiovascular risk 
factors: age, high-density lipoprotein, total cholesterol, systolic 
blood pressure, treatment for blood pressure, smoking status, 
and diabetes. See D’Agostino et al for the cardiovascular risk 
calculation.13 Risk scores were not calculated for participants 
with missing data (n=10 671).

Abdominal MRI
Abdominal MRI imaging was performed using Siemens 1.5T 
MAGNETOM Aera using a 6 min dual-echo Dixon Vibe 
protocol, covering the neck to the knees. Six overlapping slabs 
were acquired covering a total of 1.1 m. Slab acquisition param-
eters were: TR (repetition time) 6.69 ms, TE (time to echo) 
2.39/4.77 ms, and bandwidth 440 Hz. Abdominal subcutaneous 
adipose tissue and visceral adipose tissue volumes were collected 
for all participants as a marker of obesity. MRI is the gold stan-
dard method of measuring body fat composition, outperforming 
anthropometric measures (eg, body mass index (BMI)) as predic-
tors of body fat distribution and associated cardiovascular risk.14 

Abdominal subcutaneous adipose tissue volumes reflect the 
amount of adipose tissue beneath the skin, while visceral adipose 
tissue is adipose tissue which lines internal organs. Both abdom-
inal subcutaneous adipose tissue and visceral adipose tissue are 
associated with adverse cardiovascular outcomes, including 
insulin resistance, metabolic syndrome, and hypertension.15

Details of image analysis of abdominal MRI performed 
consisted of (1) image calibration, (2) fusion of image stacks, 
(3) image segmentation, and (4) quantification of fat and muscle 
volumes including manual quality control. The details of this 
analysis are reported elsewhere.14 16

Apolipoprotein E gene
Genotyping was performed using the UK Biobank Axiom Array 
to evaluate APOE genotype for all participants where biospec-
imen data were available. Single nucleotide polymorphisms for 
the rs429358 and rs7412 alleles were acquired. A total of 5715 
participants had missing genotype data and APOE genotyping 
was not performed.

Structural T1-weighted MRI
Structural brain imaging was performed on a standard Siemens 
Skyra 3T, with a standard Siemens 32-channel radiofrequency 
(RF) receive head coil17; resolution 1×1×1 mm, field of view 
(FOV) 208×256×256. All structural scans (n=34 425) were 
downloaded locally at Imperial College London for image 
processing and statistical analysis.

Optimised voxel-based morphometry
Voxel-based morphometry (VBM) is a neuroimaging technique 
that enables the detection of changes in brain volume through 
voxelwise statistical evaluation of multiple brain images. This 
technique can evaluate grey matter volume changes across 
cortical regions without a priori assumptions where regional 
effects may occur. VBM analysis was utilised to overcome issues 
associated with regional analysis (region-of-interest analysis) 
which can be confounded by researcher bias, the timeline from 
study conception to analysis and interpretation that the selection 
of the region of interest is made, and limiting the analysis to a 
subset of regions.18 VBM enabled the evaluation of the influence 
of cardiovascular risk, abdominal subcutaneous adipose tissue, 
and visceral adipose tissue on neurodegeneration across the 
cortex. VBM was conducted using Statistical Parametric Mapping 
(SPM12; www.fil.ion.ucl.ac.uk/spm) software on all structural 
T1-weighted MRI scans to perform voxel-level analysis between 
cardiovascular risk and brain atrophy. Scans were segmented into 
different tissue probability classes, with grey and white matter 
images saved in native space and a format suitable for DARTEL 
import; otherwise, default SPM12 segmentation settings were 
used. A study-specific template was created in DARTEL using a 
subset of 1000 participants to reduce the computational require-
ments. The Python module, Scikit-learn, was used to select 
participants for DARTEL randomly. To generate a representa-
tive sample, the randomised selection of participants was strat-
ified by biological sex and age group. Non-linear registration 
to the study-specific template was then performed to produce 
Jacobian determinants for all participants. Then grey and white 
matter images were transformed to the study-specific template 
in MNI (Montreal Neurological Institute) space, smoothed 
with a Gaussian kernel full-width at half-maximum (FWHM) 
(8×8×8 mm) and with Jacobian modulation applied to preserve 
local tissue volumes. A total cerebral grey matter mask was 
applied (volume=198 452 voxels). This enabled the exploration 
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of the volume and percentage of grey matter voxels inside the 
mask that reached the statistical threshold, indicating the effect 
on neurodegenerative processes induced by cardiovascular risk.

Total intracranial volume
Corrections for individual variations in head size is a recom-
mended practice for VBM studies,19 20 and is implemented in this 
study. Processed data for the estimated total intracranial volume 
was obtained from the UK Biobank for all participants. Struc-
tural T1-weighted images were processed via Freesurfer version 
6.0 (https://surfer.nmr.mgh.harvard.edu/),21 using the standard 
‘recon-all’ pipeline. Briefly, ‘recon-all’ performs intensity non-
uniformity correction and normalisation, skull stripping, and 

registration to the fsaverage template. Estimated total intracra-
nial volumes are calculated based on the Talairach transform (see 
Buckner et al for details22).

Statistical analysis
Voxelwise analyses were conducted to evaluate the influence 
of cardiovascular risk, abdominal subcutaneous adipose tissue, 
and visceral adipose tissue on grey matter volume. VoxelStats23 
implemented on Matlab v2022a was selected to perform voxel-
wise linear models to overcome the computational requirements 
from the substantial sample size.

Voxelwise models were performed at a whole group level and 
on male and female participants in several age cohorts: ages 45–54, 

Table 1  Descriptive statistics

Age group (years)

Male Female

45–54 55–64 65–74 75+ 45–54 55–64 65–74 75+

n 2175 5395 7001 1314 2899 7382 7259 999

Mean age (years) 51.6±1.93 59.9±2.85 69.2±2.70 76.5±1.53 51.6±1.95 59.8±2.85 68.9±2.70 76.5±1.49

APOE status non-carriers/homozygotes/
heterozygotes (%)

71.2/26.7/2.1 72.2/25.8/2.0 73.7/24.2/2.1 73.5/24.2/2.3 70.2/27.2/2.6 71.5/26.1/2.4 72.8/25.1/2.1 73.9/24.8/1.2

Mean abdominal subcutaneous adipose 
tissue (ASAT) volume

6.08±2.81 5.93±2.55 5.73±2.32 5.37±1.94 7.99±3.76 8.11±3.57 7.68±3.12 7.27±2.72

Mean visceral adipose tissue (VAT) volume 4.56±2.28 4.86±2.29 4.99±2.28 4.91±2.22 2.31±1.46 2.66±1.59 2.78±1.53 2.86±1.46

Mean total cardiovascular risk points 11.0±2.74 14.1±2.63 16.7±2.62 18.8±2.31 7.79±3.40 11.2±3.52 14.7±3.29 17.2±3.04

Mean cardiovascular risk (%) 12.2±5.68 19.3±6.59 25.5±5.54 28.9±2.86 5.10±3.31 8.73±5.04 14.3±6.59 19.8±6.90

Figure 1  Association between Framingham cardiovascular risk and brain volume. A loss of brain volume was demonstrated in all major lobes, prominent 
effects were demonstrated in the temporal lobe, thalamus, frontal lobe, and postcentral gyrus. (A) Linear relationship between cardiovascular risk and 
neurodegeneration in all participants enrolled in the trial. (B) Relationship between cardiovascular risk and neurodegeneration in all APOE ε4 carriers. 
(C) Relationship between cardiovascular risk and neurodegeneration in all APOE ε4 non-carriers. APOE, apolipoprotein; RFT, random field theory.

https://surfer.nmr.mgh.harvard.edu/
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55–64, 65–74, and 75+ years; this enabled models to be performed 
with enhanced statistical power as those with missing APOE geno-
type (n=5715) were included. To investigate the influence of APOE 
genotype, voxelwise analysis was also performed in APOE ε4 carriers 
and APOE ε4 non-carriers. APOE status was dichotomised into two 
categories based on the presence of the ε4 allele; APOE non-carriers 
and APOE carriers (ε3/ε4 or ε2/ε4 or ε4/ε4). The role of APOE geno-
type in the relationship between cardiovascular risk and dementia risk 
has produced mixed results.24 As such, to visualise whether cardio-
vascular risk is associated with lower brain volume independent of 
the presence of the ε4 allele, separate models were performed for 
APOE carriers and APOE non-carriers. A random field theory (RFT) 
based multiple comparisons correction was applied to all linear 
models23; only the voxels that survived the correction were shown. 
Total intracranial volume was included as a covariate in all models. 
At a whole group level, sex was selected as a covariate.

Effect of sex
To evaluate the direct effect of sex in the different age cohorts 
we performed voxelwise models of the interaction of sex and 
cardiovascular risk (Framingham risk scores, abdominal subcu-
taneous adipose tissue, and visceral adipose tissue) on brain 
volume. See the example formula investigating the interaction 
between Framingham risk scores and sex:

Grey matter volume ~ b0 + b1Framingham risk score + 
b2Sex + b3(Framingham risk score * Sex) + b4Total intracranial 
volume + b5Age.

RESULTS
Table  1 presents the characteristics of the 34 425 participants 
enrolled in the study.

Relationship between Framingham cardiovascular risk and 
brain volume
Framingham risk score was utilised as a marker of cardiovas-
cular risk to investigate the relationship with neurodegenera-
tion, indicated by the association with grey matter volume. At 

a whole population level (n=23 754), voxelwise results revealed 
that higher cardiovascular risk was associated with lower grey 
matter volume across the cortex (figure 1A). Framingham risk 
score was associated with lower brain volume in 87% of grey 
matter voxels inside the mask that reached statistical significance 
(p<0.001 RFT corrected). Peak cluster locations were identified 
in the temporal lobe, thalamus, frontal lobe, and postcentral 
gyrus. This relationship remained significant in APOE ε4 carriers 
(figure 1B) and in APOE ε4 non-carriers (figure 1C). This indi-
cates that both APOE ε4 carriers and APOE ε4 non-carriers are 
at risk of the effects of cardiovascular risk on neurodegeneration.

Male participants
When voxel-wise linear models were performed on male partic-
ipants during different decades of life, higher cardiovascular risk 
was associated with lower grey matter volume in all age groups 
evaluated (figure 2). The strongest relationship was identified in 
male participants between 55–74 years of age. Cardiovascular 
risk negatively influenced 67% of grey matter voxels inside the 
mask, during the decades of 55–64 years and 65–74 years of 
age. Brain regions indicating the most prominent influence of 
cardiovascular risk on lower grey matter volume included the 
temporal lobe.

Interestingly, during the ages of 45–54 years, cardiovas-
cular risk was associated with lower grey matter volume in 2% 
of grey matter inside the mask. The most prominent effect of 
cardiovascular risk on neurodegeneration was shown within the 
temporal lobe, indicating the vulnerability of the temporal lobe 
in the early stages of the damaging influence of cardiovascular 
risk. Additionally, in male participants above the age of 75 years, 
voxel-wise results indicated an association between cardiovas-
cular risk and lower volume in 1% of grey matter inside the 
mask that reached statistical significance (see table 2).

Female participants
Similarly, in female participants during different decades, higher 
cardiovascular risk, measured with the Framingham risk score, 

Figure 2  Association between total Framingham risk points and brain volume during different decades in male and female participants. The strongest 
association between cardiovascular risk and neurodegeneration was shown in male and female participants between the ages of 55–74 years. This 
relationship was limited to very small brain regions in participants aged 45–54 years and over 75 years of age. These data suggest a bell-shaped relationship 
between cardiovascular risk and brain atrophy. RFT, random field theory.
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had a negative influence on grey matter volume (figure 2). The 
strongest detrimental relationship was identified in women aged 
65–74 years in a total of 43% of grey matter voxels that reached 
significance inside the mask. There was a strong negative influ-
ence of cardiovascular risk on lower volume in 27% of grey 
matter inside the mask during the 55–64 years of age.

Participants aged 45–54 years and above 75 years showed a 
significantly reduced association between cardiovascular risk 
and lower grey matter volume, suggesting a bell-shaped relation-
ship between the influence of cardiovascular risk on neurode-
generation. Higher cardiovascular risk negatively influenced 4% 
of grey matter inside the grey matter mask in female participants 
between 45–54 years of age and 8% of grey matter inside the 
mask in those over 75 years of age. However, the limited effects 
in the oldest age group (75+) in males and females may be 
limited by the relatively small sample size compared with other 
age groups assessed in this study.

Relationship between obesity and brain volume
To explore the relationship between obesity and grey matter 
volume, abdominal subcutaneous adipose tissue and visceral 
adipose tissue volumes were evaluated in 34 425 participants. 
Abdominal subcutaneous adipose tissue and visceral adipose 
tissue volumes showed widespread associations with lower 
grey matter volume (figure 3). Higher abdominal subcutaneous 
adipose tissue volume negatively influenced 61% of grey matter 
inside the mask. Similarly, greater visceral adipose tissue volume 
was associated with lower volume in 64% of grey matter inside 
the mask that reached statistical significance. Peak cluster coordi-
nates were identified within the temporal pole, thalamus, frontal 
pole, frontal medial cortex, postcentral gyrus, and precentral 
gyrus. Associations remained when APOE ε4 carriers and APOE 
ε4 non-carriers were analysed separately (figure 3).

Male and female participants (abdominal subcutaneous adipose 
tissue and visceral adipose tissue volumes)
In male and female participants, higher abdominal subcuta-
neous adipose tissue volume (figure  4) and visceral adipose 
tissue (figure  4) had the most extensive detrimental influence 
in male participants aged 55–64 years, and those aged 64–74 
years. In males, a significant association between lower grey 
matter volume and higher subcutaneous identified adipose tissue 
and visceral adipose tissue volumes was shown in participants 
aged 45–54 years. However, in male participants over the age 
of 75 years, higher adipose tissue volumes were only associated 

with lower grey matter volume in ≤2% of grey matter inside 
the mask.

The relationship between abdominal subcutaneous adipose 
tissue volume and visceral adipose tissue with lower grey matter 
volume was reduced in females aged 45–54 years and those over 
the age of 75 years (see table 3).

Effect of sex on the relationship between cardiovascular risk 
and grey matter volume
To identify whether the relationship between cardiovascular risk 
and grey matter volume differs between male and female partic-
ipants, we performed linear models with an interaction effect in 
the different age groups.

Framingham risk scores
No interaction effect was shown at the earliest age group assessed 
(45–54 years). In those aged 55–64, an interaction effect was 
demonstrated in 42% of grey matter voxels inside the mask 
between sex and Framingham risk scores (figure 5), indicating 
lower grey matter volume in male participants as cardiovascular 
risk increased. To a lesser extent, this interaction effect was 
also demonstrated in those aged 65–74 (table 4). This indicates 
that the detrimental impact of cardiovascular risk is greater and 
occurs at an earlier stage in males.

Abdominal subcutaneous adipose tissue
There was an interaction effect between abdominal subcuta-
neous adipose tissue and sex on lower grey matter volume in 
males aged 45–54 (figure 5), 55–64, and 65–74 years.

An interaction between abdominal subcutaneous adipose 
tissue and sex on lower grey matter volume indicated lower 
volume in females in those aged 75+ years (table 4).

Visceral adipose tissue
An interaction between visceral adipose tissue and sex on lower 
grey matter volume was demonstrated in male participants aged 
45–54 years (figure 5). This interaction demonstrated that male 
sex and higher visceral adipose tissue were associated with lower 
grey matter volume in 8% of voxels inside the mask.

In later life (65–74 years), an interaction was shown between 
visceral adipose tissue and female sex with lower grey matter 
volume (table 4).

Table 2  Cluster information displaying the relationship between Framingham risk score and lower brain volume in male and female participants 
across different decades

Decade 
(ages)

Total volume 
(voxels)

Percentage of grey 
matter mask volume

Maximum 
T value Peak regional associations

Male participants (Framingham risk score)

 � 75+ 1397 1% −4.54 Posterior cingulate gyrus, precentral gyrus, anterior cingulate gyrus, frontal pole, lateral occipital cortex, 
juxtapositional lobule cortex

 � 65–74 133 491 67% −9.94 Temporal pole, precentral gyrus, postcentral gyrus

 � 55–64 133 391 67% −11.2 Temporal pole, postcentral gyrus, precentral gyrus

 � 45–54 4284 2% −6.78 Temporal pole, occipital pole, frontal pole, precentral gyrus, planum polare

Female participants (Framingham risk score)

 � 75+ 16 607 8% −5.28 Supracalcarine cortex, postcentral gyrus, precentral gyrus, frontal orbital cortex, inferior temporal gyrus

 � 65–74 86 097 43% −8.8 Thalamus, temporal pole, frontal medial cortex, precentral gyrus, postcentral gyrus

 � 55–64 53 641 27% −11 Temporal pole, occipital pole, frontal medial cortex, postcentral gyrus, posterior cingulate gyrus

 � 45–54 7420 4% −7.6 Occipital pole, supramarginal gyrus, temporal pole, postcentral gyrus, temporal fusiform cortex
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Figure 3  Association between abdominal subcutaneous adipose tissue volume, visceral adipose tissue volume and brain volume. Panel A: Relationship 
between abdominal subcutaneous adipose tissue and brain atrophy. (A) Relationship between abdominal subcutaneous adipose tissue volume and 
neurodegeneration in all participants enrolled on the trial. (B) Relationship between abdominal subcutaneous adipose tissue volume and neurodegeneration 
in all APOE ε4 carriers. (C) Relationship between abdominal subcutaneous adipose tissue volume and neurodegeneration in all APOE ε4 non-carriers. Panel 
B: Relationship between visceral adipose tissue and brain atrophy. (A) Relationship between visceral adipose tissue volume and neurodegeneration in all 
participants enrolled in the trial. (B) Relationship between visceral adipose tissue volume and neurodegeneration in all APOE ε4 carriers. (C) Relationship 
between visceral adipose tissue volume and neurodegeneration in all APOE ε4 non-carriers. APOE, apolipoprotein; ASAT, abdominal subcutaneous adipose 
tissue; RFT, random field theory; VAT, visceral adipose tissue.
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DISCUSSION
This study demonstrates that the strongest influence of cardio-
vascular risk and obesity on neurodegeneration occurs a decade 
earlier and is sustained over two decades in males compared 
with females; the influence was also more pronounced in males 
compared with females. The strongest influence of cardiovas-
cular risk and obesity on neurodegeneration was between 55–74 
years in males and 65–74 years in females. We demonstrate that 
high cardiovascular risk and obesity predispose to gradual loss 
of brain volume across cortical regions over several decades, 
occurring in a bell-shaped manner over time. This relationship 
between cardiovascular risk and neurodegeneration was shown 
in APOE ε4 carriers and APOE ε4 non-carriers. The detrimental 
impact of cardiovascular risk was widespread throughout cortical 
regions, highlighting how cardiovascular risk can impair a range 
of cognitive functions. Therefore, modifiable cardiovascular 
risk factors, including obesity, deserve special attention in the 
treatment/prevention of neurodegenerative diseases, including 
Alzheimer’s disease. This highlights the importance of aggres-
sively targeting cardiovascular risk factors before the age of 55 
years to prevent neurodegeneration and Alzheimer’s disease, in 

addition to the benefit of preventing other cardiovascular events 
such as myocardial infarction and stroke.

Here, we utilised data from the UK Biobank to provide a 
comprehensive evaluation of the influence of cardiovascular risk 
on neurodegeneration in over 34 000 participants over several 
decades. Additionally, we utilised visceral and subcutaneous fat 
measurements to provide a reliable marker of obesity and APOE 
genotype to assess whether the presence of the ε4 allele modu-
lates the relationship between cardiovascular risk and neurode-
generation. Voxel-wise linear regression showed that an elevated 
Framingham cardiovascular risk score and higher abdominal fat 
were associated with decreased brain volume across the cortex. 
Prominent effects were identified in temporal lobe structures, 
regions affected early in Alzheimer’s pathogenesis. This high-
lights the risk of memory impairments and Alzheimer’s disease 
development in those with greater cardiovascular risk. Demon-
stration of the influence of cardiovascular risk at an early age in 
males in comparison to females is novel and has not been demon-
strated before. In this study, we demonstrate that the influence 
of cardiovascular risk was widespread and was apparent in all 
major brain lobes.

Figure 4  (A) Association between abdominal subcutaneous adipose tissue volume and brain volume during different decades. Abdominal subcutaneous 
adipose tissue volume shows extensive association with brain atrophy in male and female participants aged 55–74 years and in male participants aged 
45–54 years. (B) Association between visceral adipose tissue volume and brain volume during different decades. Abdominal visceral tissue volume shows 
extensive association with brain atrophy in male and female participants aged 55–74 years and in male participants aged 45–54 years. RFT, random field 
theory.
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We demonstrate that cardiovascular risk has a detrimental 
influence on the brain between the ages of 55–74 years, and 
this association was weaker before 55 years and after 75 years 
in a bell-shaped curve (figure 6). In support of our finding, a 
deleterious effect of cardiovascular risk on cognition has been 
shown in those aged 50–64 years, but not in older adults.25 
Furthermore, obesity has been associated with an increased risk 
of dementia development in people under 65 years but not in 
later life.26 Decreased BMI has been associated with an elevated 
dementia risk in later life.27 While components of enhanced 
cardiovascular risk, such as increased BMI and low blood pres-
sure, are detrimental to brain health in middle age, in later life 
these may be signatures of old age frailty. This may be attribut-
able to two processes: (1) an initial direct effect on dementia 
development risk during midlife; and (2) then during later life, 
the lack of association may be a result of weight loss during the 
predementia phase.28 We provide a novel evaluation including 
using MRI to evaluate volumetric brain changes and as a marker 
of obesity, and establish a sex difference with women affected by 
the deleterious effects of cardiovascular risk a decade later than 
males. While the precise mechanism by which the risk is reduced 
after 75 years is still unclear, it is very clear that targeting cardio-
vascular risk will have a significant benefit in preventing neuro-
degeneration. When evaluating APOE ε4 carriers and APOE 
ε4 non-carriers separately, the extensive relationship between 
cardiovascular risk/obesity and neurodegeneration remained.

Several markers of obesity including BMI and hip-to-waist 
ratio have been associated with an increased risk of dementia 
development,29 although the results are mixed.30 Here, visceral 
and subcutaneous fat was measured using abdominal MRI as a 
direct marker of obesity. An autopsy study, providing a direct 
measurement of abdominal fat, identified that greater abdominal 
fat was associated with a lower risk of cognitive impairment in 
those over 50.31 Utilising MRI we were able to provide a direct 
measure of subcutaneous and visceral fat in vivo. In contrast, 
we demonstrated that greater subcutaneous and visceral fat was 

associated with reduced cortical volume. In males, these markers 
of obesity had an extensive influence on atrophy during the 
decades of 45–74 years. Visceral and subcutaneous adipose tissue 
volume showed strong associations with lower brain volumes in 
female participants aged 55–74 years. Thus, males may be more 
susceptible to the neurodegenerative influence of obesity in 
earlier decades of life. Visceral fat is associated with insulin resis-
tance, inflammation, and oxidative stress,32 suggesting multiple 
mechanisms may mediate the relationship between obesity and 
neuronal decline. This supports the proposition that obesity is 
an important modifiable risk factor to prevent neuronal damage 
and reduce the risk of dementia development.

The time course of cardiovascular risk mitigation could 
be imperative to the success of a therapeutic strategy. It is 
important to consider that separate cardiovascular risk factors 
may be detrimental via differing pathways; thus, there may be 
important differences in temporal dynamics that determine the 
success of potential cardiovascular risk mitigation strategies. 
Therefore, consideration of sex differences may be important for 
the time course of effective therapeutic strategies, with interven-
tion targeting obesity perhaps required earlier in males. Future 
studies should aim to ascertain the influence of individual, modi-
fiable cardiovascular risk factors on brain health and cognition 
during different decades of life.

Several mechanistic pathways may mediate the detrimental 
consequences of cardiovascular risk on brain health.

Cholesterol: In transgenic mouse models of Alzheimer’s 
disease, diet-induced hypercholesterolaemia has been demon-
strated to increase amyloid β (Aβ) accumulation.33 34 Individuals 
with high cholesterol show a higher prevalence of senile plaques 
compared with people with low cholesterol.35 Cholesterol could 
act as a catalyst that enhances the aggregation of Aβ, increasing 
its primary nucleation rate by up to 20-fold.36 Changes in the 
cholesterol can cause changes in cell membrane properties. 
Lipid rafts are small dynamic assemblies highly enriched with 
cholesterol and sphingomyelin membrane microdomains with 

Table 3  Cluster information displaying the relationship between abdominal subcutaneous adipose tissue volume, visceral adipose tissue volume 
and lower brain volume in male and female participants across different decades

Decade (ages)
Total volume 
(voxels)

Percentage of total 
grey matter mask Maximum T value Peak regional associations

Male participants (abdominal subcutaneous adipose tissue volume)

 � 75+ 443 >1% −4.29 Precentral gyrus, frontal pole

 � 65–74 80 593 41% −13.3 Frontal pole, inferior temporal gyrus, temporal pole, precentral gyrus, postcentral gyrus

 � 55–64 84 221 42% −15.1 Temporal pole, frontal pole, occipital pole

 � 45–54 64 431 32% −11.7 Temporal pole, postcentral gyrus, precentral gyrus, temporal fusiform cortex

Female participants (abdominal subcutaneous adipose tissue volume)

 � 75+ 7792 4% −5.61 Putamen, temporal pole, frontal pole, inferior temporal gyrus, parahippocampal gyrus

 � 65–74 76 443 39% −13.5 Temporal fusiform cortex, frontal pole, temporal pole, thalamus

 � 55–74 71 481 36% −19.2 Temporal pole, temporal fusiform cortex, frontal pole, occipital pole

 � 45–54 8625 4% −13.2 Temporal pole, angular gyrus, occipital pole, precentral gyrus, frontal pole

Male participants (visceral adipose tissue volume)

 � 75+ 3206 2% −5.17 Posterior cingulate gyrus, precentral gyrus, frontal pole

 � 65–74 91 978 46% −13.3 Temporal pole, frontal pole, postcentral gyrus, precentral gyrus, hippocampus

 � 55–64 77 186 39% −16.2 Temporal pole, thalamus, occipital pole, hippocampus

 � 45–54 58 407 29% −11.2 Temporal pole, occipital pole, postcentral gyrus, precentral gyrus

Female participants (visceral adipose tissue volume)

 � 75+ 8341 4% −5.43 Lateral occipital cortex, superior temporal gyrus, inferior frontal gyrus

 � 65–74 116 513 59% −15.2 Thalamus, temporal pole, frontal pole, frontal medial cortex

 � 55–64 75 185 38% −19.4 Temporal pole, frontal pole, frontal medial cortex, temporal fusiform cortex

 � 45–54 5836 3% −12.7 Occipital pole, temporal pole, angular gyrus, frontal pole



9Nowell J, et al. J Neurol Neurosurg Psychiatry 2024;0:1–12. doi:10.1136/jnnp-2024-333675

Neurodegeneration

an important role in Aβ formation.37 Cholesterol within lipid 
rafts modulates amyloid precursor protein cleavage and, thus, 
influences the progression of Alzheimer’s disease pathology.38 
The increased accumulation of cholesterol promotes the binding 
of amyloid precursor protein to the lipid rafts, leading to the 
production of Aβ following cleavage by BACE1 and γ-secre-
tase.39 It has also been shown that reducing the production of 
cholesterol reduces the production of cholesterol esters which 
reduces the amount of Aβ production.

Hypertension: Rodent models indicate that hypertension 
induces oxidative stress in the cerebrovasculature, which could 
lead to an upregulation of RAGE (receptor for advanced glyca-
tion end products) mRNA which has a critical role in controlling 
the transport of Aβ across the BBB.40 Brain endothelial expres-
sion of RAGE is upregulated in both Alzheimer’s disease mouse 
models and Alzheimer’s disease patients.41 Hypertension-
induced RAGE activation in brain vessels has been shown to 
augment Aβ accumulation and result in cognitive impairment in 

Figure 5  Cardiovascular risk and obesity associated with accelerated grey matter volume loss a decade earlier in males. (A) Interaction between 
Framingham risk score and sex on grey matter volume loss, indicating elevated neurodegeneration in males aged 55–64 years. (B) Interaction between 
abdominal subcutaneous adipose tissue and sex on grey matter volume, demonstrating elevated grey matter decline in males aged 45–54 years. 
(C) Interaction between visceral adipose tissue and sex on grey matter volume, demonstrating accelerated grey matter volume loss in males aged 45–54 
years. ASAT, abdominal subcutaneous adipose tissue; RFT, random field theory; VAT, visceral adipose tissue.

Table 4  Cluster information displaying the interaction between sex and Framingham risk score, abdominal subcutaneous adipose tissue volume, 
and visceral adipose tissue volume with lower brain volume

Decade (ages)
Total volume 
(voxels)

Percentage of total grey 
matter mask Maximum T value Peak regional associations

Framingham risk scores

 � 55–64 82 905 42% −6.7 Frontal pole, planum temporale, temporal occipital fusiform cortex

 � 65–75 9229 5% −5.35 Juxtapositional lobule cortex, temporal fusiform cortex, frontal pole

Abdominal subcutaneous adipose tissue

 � 45–54 36 118 18% −6.06 Temporal pole, frontal medial cortex, planum polare, occipital pole

 � 55–64 18 471 9% −7.19 Frontal pole, superior temporal gyrus, precentral gyrus, postcentral gyrus

 � 65–74 15 090 8% −6.6 Frontal pole, precentral gyrus, inferior temporal gyrus, anterior cingulate cortex

 � 75+ 5854 3% 6.18 Inferior temporal gyrus, occipital pole

Visceral adipose tissue

 � 45–54 16 748 8% −6.97 Occipital pole, middle frontal gyrus, inferior temporal gyrus, postcentral gyrus

 � 65–74 14 397 7% 6.81 Occipital pole, precuneous, parahippocampus
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rodents.40 Furthermore, in hypertensive mouse models, hyper-
tension causes deterioration in the BBB and increases Aβ depo-
sition in the hippocampus.42 In postmortem evaluation, higher 
late-life systolic blood pressure was indicated to be associated 
with neurofibrillary tangles and Aβ plaques.43

Obesity: Aberrant inflammatory response in obesity may 
be related to Alzheimer’s disease pathology via dysregulated 
endocrine homeostasis.7 Subclinical inflammation arising 
from adipose tissue may interact with the cerebral inflamma-
tory response, leading to neurodegeneration. Leptin signalling 
dysfunction in the brain may underlie the relationship between 
obesity and neurodegeneration. Leptin engages several intracel-
lular pathways in the brain, including ERK, MAPK, PI3K and 
cAMP/PDE3B.44 A variety of signalling pathways underlie the 
role of leptin in regulating synaptic activity, neuronal plasticity, 
survival and proliferation.44 Therefore, loss of cerebral leptin 
signalling in obesity may contribute to neuronal loss, synaptic 
degeneration, and cognitive deficits.

Diabetes: Disrupted insulin signalling, a core feature of type 2 
diabetes, may directly affect the brain.45 Impaired insulin signal-
ling reduces phosphorylation of protein kinase B, increasing 
GSK3β activity which can induce hyperphosphorylation of τ in 
the brain.46 Deficient insulin transport across the BBB and/or 
diminished cerebral response to insulin can impair PI3K signal-
ling, initiating the activation of inflammatory pathways.47

Implications
The strength of the relationship between cardiovascular risk and 
cerebral damage emphasises the potential for mitigating cardio-
vascular risk as a therapeutic strategy for Alzheimer’s disease. 
One such possibility may be in the repurposing of agents used 

for obesity and type 2 diabetes mellitus for the treatment of 
Alzheimer’s disease.46 48 This includes glucagon-like-peptide-1 
receptor agonists, highlighted as the most promising class of 
drugs for repositioning for Alzheimer’s disease, with phase 3 
evaluation of semaglutide in participants with early Alzheimer’s 
disease underway (NCT04777396). Several alternative agents 
used for the treatment of cardiovascular disease appear to show 
promise for the treatment of Alzheimer’s disease including anti-
hypertensive medication, metformin, and intranasal insulin. 
However, some candidates such as angiotensin II receptor antag-
onists have failed to display efficacy in reducing brain volume 
loss.49 A lack of therapeutic benefit may stem from the age group 
recruited in the trial. In the RADAR trial, 25% of participants 
were over 79 years old and a total of 63% of participants were 
70 years or older.49 Our data suggest that failed trials may have 
recruited participants unlikely to respond significantly to treat-
ment. Targeting cardiovascular risk in the early stages of the 
disease may be essential to the success of future trials.

Study limitations
A limitation of the study is that the UK Biobank did not record 
Alzheimer’s specific biomarkers, such as amyloid and τ burdens, 
so the influence on brain volume is non-disease specific. In this 
study, the maximum relationship between cardiovascular risk 
and loss of grey matter volume was largely shown in temporal 
and frontal areas, and only in those aged 75+ was the peak rela-
tionship located to the posterior cingulate cortex. As atrophy 
of frontal, parietal, and temporal regions is typical of normal 
ageing, it is difficult to differentiate the impact of cardiovas-
cular risk on general accelerated ageing processes and the risk 
of specific neurodegenerative conditions. However, accelerated 

Figure 6  Graph of the timeframe and extent that cardiovascular risk factors influence neurodegenerative processes (brain volume loss) in males and 
females and depicts the mechanisms that cardiovascular risk induces brain atrophy. IL, interleukin; LTP, long-term potentiation; PET, positron emission 
tomography; ROS, reactive oxygen species; TNFα, tumour necrosis factor α; TSPO, translocator protein.
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atrophy to temporal lobe regions is strongly linked with the 
stage and intensity of Alzheimer’s disease. Additionally, it should 
be noted that the lack of association in those aged 75+ could, in 
part, be due to the smaller sample size than other age bands eval-
uated in this study. Another limitation of the current study is that 
no direct comparison between APOE genotypes was performed.

CONCLUSIONS
Here, we demonstrate that enhanced cardiovascular risk, abdom-
inal subcutaneous adipose tissue and visceral adipose tissue 
volumes show an extensive relationship with neurodegeneration 
across several decades of life following a bell-shaped time course. 
Several mechanisms, including inflammation, central leptin and 
insulin resistance as well as the breakdown of the BBB, may 
underlie this relationship and the subsequent neuronal damage. 
Mitigating cardiovascular risk represents a promising approach 
to treat or even prevent the development of Alzheimer’s disease. 
Targeting cardiovascular risk and obesity a decade earlier in 
males than females may be imperative for potential candidates 
to achieve a therapeutic benefit in preventing neurodegeneration 
and cognitive decline.
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